T he annual incidence of spinal cord injury (SCI) in the US is approximately 40 cases per million of the population, or roughly 12,000 new cases each year, excluding those who die at the scene of the accident. 17 This devastating injury occurs most commonly in young, previously healthy, and active individuals, with the most frequent neurological deficit at discharge being incomplete tetraplegia (40.6%). 17 One of the most devastating effects of SCI at the cervical level is the loss of arm and/ or hand function, and this imposes a significant impact on a patient's independence. 9 Recovering arm and hand function, even partially, can have an enormous impact on quality of life, because of their invaluable roles in activities of daily living and mobility. 9, 20 The traditional approach in reconstructive surgery for restoring some arm and hand function has consisted of tendon transfers. 10, 11 Nerve transfer, although rarely used to date, is emerging as a viable method for restoration of function following SCI. 10, 12, 19 Nerve transfers offer several advantages over tendon transfers. Tendon transfers require significantly more dissection and extended postoperative limb immobilization while the tendon heals. 10 Reconstruction of finger flexion and extension must be performed in separate phases, due to conflicting positions for postoperative immobilization. 18 Nerve transfers, on the other hand, require a shorter period and less restrictive immobilization, and minimal loss of donor muscle function. 10 Reconstruction of finger flexion and extension can be performed at the same time. The tension/insertion balance of the muscle/tendon unit is preserved with nerve transfers because there is no disruption to the insertion or attachment of the muscle in question, therefore maintaining line of pull and excursion, and avoiding scar-induced restrictions to movement. 10 Nerve transfers also offer a greater functional gain for a given transfer; 9-11 that is, the transferred nerve, which originally provided innervation to a single muscle, can reinnervate multiple muscles. Lat-er on, with motor re-education and central plasticity, it is possible to activate multiple functions independently by the same nerve that originally controlled a single function. 9, 10, 16 Approximately two-thirds of cervical SCI involves the C-5 or C-6 vertebrae, which typically injures the C6-7 spinal cord. 8, 15, 21 This often leaves the patient with generally preserved shoulder function as well as elbow flexion. In most cases (82%), wrist extension is also largely preserved. 21 Elbow extension is absent or weak. Hand movements are also absent or extremely impaired. Restoration of elbow extension is an integral part of upper-extremity reconstruction, as recovery of this function will improve elbow stability, enable the performance of pressure-relief maneuvers, permit better manual wheelchair propulsion, allow reaching objects above the shoulder level, and enhance the ability for self-transfers. 4, 8, 13, 14 Finger extension reanimation is also important because this function is required for object acquisition and release. 14 The common procedure used to restore elbow extension is tendon or muscle transfer of posterior deltoid or biceps muscle to the triceps. 13,14 However, most patients who underwent these procedures only regained antigravity muscle strength. 8 This is also the case for common orthopedic procedures to reanimate finger extension. 5 In this paper, Bertelli and Ghizoni described their pioneering experience in reconstruction of elbow and finger extension using nerve transfers in patients with midcervical SCI. 1 The authors have done extensive work in this field and have produced several articles (primarily case reports) related to nerve transfers for SCI. [2] [3] [4] [5] [6] [7] [8] This is their first case series reported. They performed a total of 27 nerve transfers, in 13 upper limbs in 7 patients. Divisions of the axillary nerve were used to reinnervate the triceps muscle, and the nerve to the supinator was transferred to the adjacent posterior interosseous nerve to regain thumb and finger extension. The surgery was effective in all 13
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limbs that were operated on, except a failure of the distal transfer for thumb and finger extension in 1 hand.
The authors eloquently discuss their findings and note several important observations. Of great interest is their observation that even in cases in which the axillary nerve was used in its entirety, none of the patients experienced reduction of shoulder function. The authors suggest that this might be the result of compensation from the normally functioning supraspinatus muscle and improved proximal arm usage after surgery. Another important observation is that in patients with C-6 cervical cord injury with already weak pronation, the loss of supination (such as after distal radio-ulnar fusion) does not cause a noticeable deficit or complaints from patients. The resultant forearm stabilization (after fusion) improves finger and thumb extension and therefore better hand function, which outweighs the loss of forearm rotation.
The results are encouraging and the potential for greater use can occur, but with the following caveats. Only patients with complete SCIs should be considered for nerve transfer procedures because patients with incomplete injuries have a variable propensity for recovery. The latter should be serially followed until a plateau of clinical function occurs. It is of paramount importance to do a thorough clinical examination, electrodiagnostic test, and surface electrical stimulation (when available) to differentiate a central or peripheral paralysis in target muscles prior to surgery, especially in patients who present late to the clinic. In patients with central-type paralysis (muscle innervated by infralesional metamere, with preserved lower motor neurons) of the target muscles, nerve transfer may restore these muscles even years after injury, as long as the mechanical properties of the limb, such as joint mobility, are preserved. Brown reported successful nerve transfer procedures to reconstruct elbow extension, wrist flexion-extension, and finger flexion-extension in a patient with tetraplegia 13 years after injury. 9 Preoperative investigations in that case revealed mostly intact lower motor neuron innervation in the reconstructed upper limb, which might result from a remarkably thin segment of injured metamere. This may be a rare case, but it shows that functional reinnervation in such a situation is possible, contrary to what the authors state in their discussion.
The authors in the current paper, however, do stress that surgery should be undertaken within 12 months of injury due to the surprisingly high occurrence of concomitant peripheral-type palsy (as determined by lack of evoked muscle contractions from direct electrical stimulation of the recipient nerve) in 22 of 27 instances. This is presumably because injury at midcervical vertebrae typically injured the C-6 but also, to a variable extent, the C-7 spinal cord, resulting in direct damage to the motor neuron pool of triceps and extensor digitorum communis muscles, thus producing a peripheral-type paralysis. We would encourage the use of rigorous preoperative electrodiagnostic assessment, with electromyographic recordings of muscles targeted for re-innervation by nerve transfers, to determine their denervated versus intact status. This would augment the intraoperative findings. One clear take-home message from the current paper is that surgery for reanimation can and should be performed in cases in which either pre-or intraoperative electrical studies demonstrate peripheral-type palsy. Simply, injury to the next caudal metameric segment is not a contraindication to surgery but rather can be considered an indication for surgery once the patient is deemed clinically suitable for an operation at the 6-to 12-month interval from initial SCI.
The authors are to be commended for their relentless work in this field. Hopefully, this article will spark a greater interest in neurosurgeons in peripheral nerve surgery and its role for peripheral neural reconstruction, to improve functionality in SCI in particular. Patients who suffer complete paralysis from a cervical SCI typically are referred to rehabilitation centers after both their overall clinical status and their spine are stabilized. There is always a hope for late spontaneous recovery, so surgical reconstruction of the upper limb generally is delayed. One crucial question is: how long should we wait for spontaneous recovery to plateau? For upperlimb reconstruction, the general rule is to wait at least 12 months. 8 However, if we consider nerve transfers rather than tendon transfers, delayed reconstruction may lead to poorer results. Empirical evidence in the literature fails to support this 12-month waiting period. For instance, only 10% of patients with complete tetraplegia at the time of injury, without sacral sparing, exhibit any motor recovery 1 year later. 4 Most spontaneous recovery of upperlimb function occurs within the first 6 months of an SCI. 7 There is virtually no chance that a muscle fully paralyzed 6 months after trauma will spontaneously regain active useful motor power over the next 6 months. 7 Hence, we believe that 6 months is a sufficient waiting period.
Paralysis following SCI results from absent supraspinal control, in which case the muscles remain innervated, or from the death of motor neurons at the spinal cord level. This last condition reproduces a polio-like syndrome with Wallerian degeneration, mimicking a peripheral nerve injury, which warrants immediate repair to attain better results. In our study, we identified 22 peripheral palsies in 27 investigated nerves. Electromyograms can help to confirm muscle denervation; however, electromyographic signs of recovery do not necessarily reflect clinical improvement. 5 Another question of interest is: are nerve transfers valid in chronic cases in which the muscles are paralyzed but not denervated (i.e., central palsy)? Brown 1 reported on a patient operated on using nerve transfers 13 years after the injury. He demonstrated the feasibility of the technique, but did not report the results of upper-limb reconstruction. Mackinnon et al. 3 reported on a patient who underwent an operation 23 months after injury for finger flexion reconstruction, transferring the nerve to the brachialis to the anterior interosseous nerve; in this case, the patient experienced modest recovery. This result motivated an investigator to write a letter to the editor of the Journal of Neurosurgery questioning the value of that procedure. 2 We have operated on 4 patients with spinal cord lesions that were 3 to 6 years old from the time of their occurrence and have now followed them for 1 year postoperatively. While we did observe some recovery, it was only of a limited extent. Based on the concept that muscles remain innervated below the level of an SCI, in 2 patients with tetraplegia and chronic denervated palsies of the extensor digitorum communis muscle, we transferred a free gracilis muscle and innervated it using the nerve to the supinator to reconstruct thumb and finger extension. One year after surgery, some recovery was obtained, but it was not yet enough to identify any functional improvement. This clearly contrasts with the results we have obtained with the same surgery in the reconstruction of lower-type injuries of the brachial plexus. 6 We do not yet have clear evidence that late nerve transfers are useful in longstanding SCIs. However, it is possible that these muscles, which are innervated but are functionally paralyzed for several years after reinnervation by a nerve transfer, take longer for recovery. Longer follow-up evaluation is needed before definitive conclusions can be made. As with any nerve repair, age matters substantially, and in our opinion, the patient's age should be taken into consideration before proceeding to late nerve versus tendon transfers.
Nerve transfers for elbow/thumb/finger extension reconstruction are reliable. Hence, nerve transfers should not be pitted against tendon transfers; rather they should be considered complementary. We insist on early nerve transfer surgery and believe that efforts should be made to recruit patients with tetraplegia earlier. Moreover, these concepts should be extended to rehabilitation centers.
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